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Abstract—Using mixed-mode annealing to help evaluate the re-
sponses of modern bipolar transistors, we compare the damage
processes associated with X-ray irradiation-induced and hot car-
rier-induced damage in SiGe HBTs. Stress and radiation measure-
ments indicate that the by-products of both X-ray irradiation-in-
duced and hot carrier-induced trap reactions are identical. We use
calculations to better understand the operative damage mecha-
nisms, and find that a hydrogen reaction-diffusion model can pre-
dict the observed characteristics of our measurements. Calcula-
tions indicate that the transport of hydrogen molecules inside the
emitter-base oxides determines the trap generation and recovery
processes.

Index Terms—Mixed-mode anneal, mixed-mode stress, re-
action-diffusion model, SiGe, SiGe HBTs, silicon-germanium,
thermal anneal, X-ray irradiation.

I. INTRODUCTION

AS SiGe technology becomes increasingly adopted for a
wide variety of high-performance, mixed-signal circuits,

better understanding and modeling of the underlying SiGe HBT
reliability in its diverse application contexts are required. Cur-
rent reliability lifetime models for hot carrier degradation asso-
ciated with industry-standard electrical “burn-in” protocols in
SiGe HBTs are purely empirical, and the exact damage mech-
anisms remain poorly understood. For instance, interface traps
(dangling Si bonds that result from the breaking of Si-H bonds)
are generally assumed to result from electrically-induced hot
carrier stress but the specifics of the trap formation process in
SiGe HBTs have not been adequately addressed. Furthermore,
current TCAD simulation tools base their models of trap gen-
eration in SiGe HBTs on purely CMOS stress data, which may
or may not be applicable to advanced SiGe HBTs (or even to
conventional Si BJTs).
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Due to the scaling-induced voltage limitations of SiGe
HBTs imposed in the quest for higher frequencies, designing
robust circuits has become a challenge; it becomes even more
complex to assess their reliability, given the various topologies
which require very different bias conditions. For example,
the cascode circuit topology has become a preferred design
approach for SiGe amplifiers, in which the cascode HBT sees
zero impedance at the base and high impedance at the emitter.
In the case of mixed-signal systems, when analog circuits are
interfaced to digital circuits, the voltage and current charac-
teristics become highly unpredictable, and thus devices can be
simultaneously and dynamically subjected to both high voltage
and high current. The traditional bipolar electrical stresses,
namely, reverse-EB stress [1] and the high-current stress
[2], can not be applied to these aggressive stress conditions.
Mixed-mode stress was created to tackle these challenges [3].
Later, mixed-mode stress was expanded to very low currents
and voltages as well the range in between [4]. Contrary to the
naïve assumption of a single operative damage mechanism,
several have been in fact observed, and the conditions at which
these mechanisms occur are dependent upon the geometry,
voltage, current, and temperature of the SiGe technology in
question [4].

As discussed in [4], hot-carrier-induced damage in advanced
SiGe HBTs can be removed when the damaged devices are sub-
sequently subjected to additional electrical stress under very
specific bias conditions, and this process was termed “mixed-
mode annealing.” In our present work, we show that mixed-
mode annealing can also remove radiation-induced damage. By
employing mixed-mode annealing studies in SiGe HBTs, both
hot-carrier and radiation-induced damage can be removed at ap-
proximately the same effective junction temperature, and have
approximately the same time dependence. In addition, the resul-
tant ideality factors of the induced excess base current for these
two damage mechanisms have been shown to be nearly iden-
tical. The similarity of the annealing behavior for these two very
different types of trap introduction processes suggests that ra-
diation-induced and hot-carrier-induced damage in SiGe HBTs
are the result of one common damage mechanism, and which
we believe can be adequately described by existing trap forma-
tion and annealing models (e.g., [5]).

Our present work also provides a theoretical understanding
of trap generation and recovery in SiGe HBTs that is relevant
to both hot carrier stress and radiation. We present calculations
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based on a hydrogen reaction-diffusion model to better under-
stand the power law time dependence observed during elec-
trical stress, the logarithmic time dependence observed in elec-
trical stress and radiation damage, and the critical role hydrogen
molecules play in the trap reaction kinetics. Given the similar-
ities observed between electrical stress and radiation damage,
and employing the first-principles’ simulations developed in [5],
we discuss the implications for device reliability.

II. DEVICES AND TEST CONDITIONS

Our experiments include electrical stress and irradiation of
two different commercially-available SiGe technology nodes.
SiGe HBT A is a 0.5 m lithography technology with peak

50 GHz and 3.3 V [6] and SiGe HBT B is a
130 nm lithography technology with a peak 200 GHz and

1.8 V [7]. Two electrical stress techniques, both con-
ventional reverse-bias EB and “mixed-mode” stress, were em-
ployed on multiple samples of SiGe HBTs A and SiGe HBT B,
with consistent results. Two configuration of reverse-EB stress
were used, the open-collector (OC) and forward-collector (FC)
mode. In OC mode, EB junction is reversed biased with col-
lector open, whereas in the FC mode the collector-base junction
is forward-biased to inject electrons into the reversed-biased EB
junction [1].

The standard way to mixed-mode stress a transistor is to
ground the base, reverse-bias the CB junction, and force a neg-
ative current at the emitter. Thus, the device is in forward-bias
mode under high current and voltage levels. In this manner, the
number of carriers injected into the high CB electric field is
very well controlled. Although this approach may seem a rather
unlikely configuration, it eliminates the problem of thermal
runaway, as in the case of a forced base- and collector-voltage
configuration [8]. Another way to assess mixed-mode damage
is called the mixed-mode current sweep, which will be de-
scribed in a later section.

For X-ray irradiation experiments, the SiGe HBTs were
wire-bonded into 28-pin DIP packages. Ionizing radiation was
applied at room temperature using 10 keV X-rays, at a dose rate
of 540 rad(SiO )/s, to a maximum total dose of 5.4 Mrad(SiO ).
Some devices were irradiated with all pins grounded, while
others were irradiated under forward-active bias. Devices were
pulled from the beam, measured immediately after a given total
dose, and then re-inserted into the beam to reach the next total
dose point. Post-irradiation measurements were also made after
approximately four weeks to check for spontaneous annealing.
The bias conditions applied during irradiation did not affect the
observed damage significantly.

Thermal experiments were also performed. Wafers were in-
serted into the chamber of an AET addax RX Rapid Thermal
Annealer, which can accurately control the annealing tempera-
ture, duration, and the ambient gas mixture inside the chamber.
Device thermal resistance used in this work was extracted and
reported in [4] by correlating the junction temperature with dis-
sipated power [9].

Fig. 1. Damage spectrum for mixed-mode stress, with varying transistor ge-
ometries. During stress, V = 3 V, and base current was measured at V =

0.6 V.

III. EXPERIMENTAL RESULTS

We have used a recently developed electrical stress method-
ology called “mixed-mode current sweep” to identify the
various operative damage mechanisms [4]. Essentially, a de-
vice is stressed at increasingly higher emitter current
(at fixed and stress time intervals ranging from 10 to
250 s) until it degrades and eventually fails. This electrical
stress method allows one to obtain quickly the general damage
response (spectrum) over a very wide range of stress con-
ditions. Typical current sweeps for SiGe HBT B of varying
geometry are shown in Fig. 1, which plots normalized change
in base current ) versus
increasing . The stress was fixed at 3 V, and
excess base current was measured at 0.6 V. Stress-in-
duced excess can be observed at very low (circuit relevant)
values of . We call this stress region “low-current
mixed-mode stress.” Interestingly, however, the accumulated
damage begins to decrease after increases beyond
some level. We call this damage-decrease region “mixed-mode
annealing.” At a particular threshold, damage starts
to rapidly increase again. We call this region “high-current
mixed-mode stress.” This latter region is consistent with
our earlier studies in mixed-mode stress [3]. The damage
threshold in which high-current mixed-mode stress is initiated
varies with the thermal resistance of the device, as shown
in the inset of Fig. 1. However, the junction temperature

[9]) at the damage
threshold is the same for all of these devices ( 690 K),
suggesting that temperature plays a strong role in high-current
mixed-mode stress. The base leakage currents in this work are
all plotted at 0.6 V, and details of the stress and radiation
experiments are listed in the figures.

Results of thermal annealing experiments are shown in
Fig. 2. First, devices were low-current, mixed-mode stressed
for 1000 s (stressed at 3 V and 10 mA/ m ),
and then thermal-annealed (within the rapid thermal annealer
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Fig. 2. Gummel characteristics of the thermal annealing experiments. The de-
vices were first low-current mixed-mode stressed.

Fig. 3. Normalized excess base current as the device was reverse-EB stressed
(FC mode) and then mixed-mode annealed.

and unbiased) in nitrogen ambient for 15 minutes. As shown in
Fig. 2, much of the damage is removed at 210 C, and
more damage is removed with increasing anneal temperature.
Given that temperature alone can anneal the stress damage,
self-heating due to high-current stress conditions should also
initiate an annealing process. Furthermore, mixed-mode an-
nealing can remove not only low-current mixed-mode stress,
but also reverse-bias EB stress. This was confirmed in our
time-dependent experiments. An example of this stress pro-
cedure is shown in Fig. 3. The device is reverse-EB (in FC
mode [1]) stressed for 1000 s and then immediately subjected
to mixed-mode anneal at 170 C for 1000 s. at
0.6 V increased to more than 200 its original value; after
1000 s of mixed-mode anneal the excess current recovers by a
factor of 16.

Mixed-mode annealing was also applied to SiGe HBT A de-
vices that have been X-ray irradiated, as shown in Fig. 4. After
X-ray irradiation an excess base current was observed, as ex-
pected, but this current was dramatically reduced after mixed-
mode anneal. Fig. 5 shows the excess base current normalized
by pre-stress during the annealing process. The normalized
forward is reduced by a factor of 25, while the normal-
ized inverse mode (swapping the emitter and collector termi-

Fig. 4. Measurements of X-ray irradiation damage followed by mixed-mode
annealing.

Fig. 5. Excess base current normalized by pre-stress I during mixed-mode
anneal.

nals) decreased by a factor of 8. SiGe HBT B devices
were also irradiated with X-rays, and they were similarly mixed-
mode annealed. Forward and inverse mode normalized by
pre-stress data are shown in Figs. 6 and 7. The annealing rate
is approximately the same for the different anneal temperatures.
After some fixed total time, the annealing saturates, and some-
times additional damage can be introduced into the device.

Fig. 8 shows the time dependence of the mixed-mode an-
nealing process for various applied stress conditions. Excess
base current data are now normalized by the maximum .
Observe that the various types of damage (via irradiation or elec-
trical stress) are all annealed at approximately the same rate.
Fig. 9 shows the time dependence of the various types of elec-
trical stress. The time dependence is nearly the same, following
a power law response of , where is stress time
and is a constant of proportionality.

To better understand the operative annealing process, devices
were cyclically damaged and annealed, over many repetitions
(Fig. 10). The device was first low-current, mixed-mode stressed
for 1000 s at 2 mA/ m , and then mixed-mode an-
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Fig. 6. Excess base current normalized by pre-stress I (in forward mode) of
mixed-mode annealing using different junction temperatures.

Fig. 7. Excess base current normalized by pre-stress I in inverse mode of
mixed-mode annealing using different junction temperatures.

Fig. 8. Comparison of annealing rate of various types of damage. Excess base
current is normalized by the maximum excess base current. Reverse-EB FC
mode indicates forward biasing base-collector voltage during stress, and re-
verse-EB OC mode indicates opening the collector during stress.

nealed for an additional 1000 s, and then the process was re-
peated for 48 cycles. In total, the device was stressed and an-
nealed for over 26 hours. Fig. 10 shows the evolution of the ex-
cess base current at 0.6 V after each cycle of stress and

Fig. 9. Time dependence of normalized excess base current, for various types
of damage. Simulation of the power law time dependence is also shown. The
generation rate k was 0.1/s, and recovery rate k was 10 cm /s. The diffu-
sion constant used was 0.01 �m /s.

Fig. 10. Excess base current as the devices were cyclically stressed and
annealed.

anneal. The base current after each anneal increases slightly, in-
dicating that the annealing removes fewer traps with each in-
creasing cycle.

The ideality factor of the excess base current was extracted
during all of the experiments. The mean and variance (extracted
from a total of 900 measurements) of the ideality factor for the
various methods of electrical stress are approximately the same,
with a mean value of 1.77 and standard deviation of 0.12. The
ideality factor extracted from X-ray irradiation (30 measure-
ments) had a mean value of 1.78 and a standard deviation of
0.13. Shown in Fig. 11 is a comparison of base leakage current
observed at low forward EB voltages, and it is clear that radia-
tion and electrical stress produce about the same ideality factor
of 1.8.
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Fig. 11. Comparison of base current leakage in SiGe HBT B after X-ray irradi-
ation and electrical stress. The ideality factors of the base leakage current were
all around 1.8.

Fig. 12. Diagram of the reaction-diffusion model used in the calculations. Hot
carriers break bonds at the interface to create traps and H . H at the interface
can participate in the recovery process to remove traps.

IV. CALCULATION

The proposed scenario of interface trap generation and re-
covery is depicted in Fig. 12. Hot carriers near the interface re-
sult in broken Si-H bonds, liberation of H atoms, and creation of
interface traps and H molecules [10], [11]. Since H molecules
are slow to diffuse away from the interface, some will stay near
the interface and participate in the recovery process [12]–[14],
in which interface traps are passivated. Interface trap genera-
tion and recovery are modeled as follows [5]. At the interface,
the change in trap concentration with respect to time is given by

(1)

Here is the areal interface-trap density, is the areal den-
sity of initial Si-H bonds, and are generation and recovery
rates, and is the volumetric H concentration at the inter-
face; one H molecule can depassivate two traps. The hydrogen
molecules generated due to stress can not easily diffuse into

Fig. 13. Distribution of calculated H during trap generation, with increasing
stress time.

silicon; however, they can diffuse into the oxide [5]. The hy-
drogen molecules will move away from the interface in a sim-
ilar manner to that governed by the 1-D heat equation

(2)

where is the diffusion constant of H in the oxide, and
is the distribution of the H concentration in the EB spacer

oxide. Note that the diffusivity is temperature dependent.
Equations (1) and (2) are simultaneously solved in MATLAB’s

Partial Differential Equation Toolbox. The EB spacer is mod-
eled as a 1 m thick oxide, and the simulation time is made up
of 50 logarithmically spaced time-steps, from 1 ms to 1 s. For the
annealing process, a much higher value of was used than that
of the trap generation process. This is because the diffusion con-
stant is thermally-activated, and thus will increase when the in-
ternal temperature of the EB spacer is elevated. During thermal
anneal, the EB spacer is at the annealing temperature. During
mixed-mode anneal, the temperature of the EB spacer is not
known. However, the temperature near the interface typically
must be at least 80–100 C for interface traps to be removed
[15], [16], and may well be as high locally as 150 C [5].

The calculation results of this trap generation process are
shown in Fig. 9, yielding a power law exponent of 0.3, which
is reasonably close to the value of 0.35 obtained from measure-
ments. It was predicted in [17] that, if the trap concentration
changes slowly with time, then a power law of 0.25 should
result. At first glance this power law behavior may appear to
be impossible to achieve using (1). According to (1), the trap
generation rate stays nearly constant , whereas the
trap recovery rate is nonlinear. If both and increase with
increasing stress time, then the recovery rate would quickly be-
come larger than the trap generation rate. However, since the dif-
fusion of hydrogen is much slower than trap generation (here,

0.01 m /s), it becomes the dominating factor [17], and
this can be observed in the evolution of hydrogen molecule pro-
files during stress (Fig. 13), in which the hydrogen concentra-
tion at the interface actually decreases as the trap generation
progresses and the hydrogen diffuses away from the interface.
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Fig. 14. Hydrogen profiles used in the calculations to probe the effects of the
shape of the H profile on annealing.

Fig. 15. Calculation of annealing with respect to time. Different H profiles
and diffusion constants were used.

Therefore, the decreasing offsets the increasing con-
centration, producing a stable curve.

Various scenarios of interface trap recovery during anneal
were calculated. Three different hydrogen profiles were used, as
shown in Fig. 14. How the annealing process is affected by the
different hydrogen profiles is essential to understanding the an-
nealing mechanism. First, a flat hydrogen molecule profile (#1)
was used, and the diffusion constant was varied across a
large range. As shown in Fig. 15, when = 10 m /s, the an-
nealing characteristics nearly overlay the measurement results.
As the diffusion constant was increased ( 100 m /s), the
annealing process was only slightly accelerated, whereas de-
creasing the diffusion constant ( 1 m /s) slowed down
the anneal process. This is because higher diffusion constant
will cause more hydrogen molecules to propagate to the inter-
face, and thus more traps will be annealed. However, at a certain
point, increasing diffusivity no longer has any effect, because ul-
timately the annealing process is limited by the total available
hydrogen.

Calculation results of the other two hydrogen profiles are also
shown in Fig. 15. For profile #2, the trap recovery rate was
extraordinarily high in the beginning, but soon reverted back
to the typical logarithmic time dependence. For profile #3, the
trap recovery rate was nearly zero in the beginning; however,
after 0.01 s, the logarithmic time dependence again appeared.
These two hydrogen profiles, due to their large initial diffusion
gradients, quickly spread out to move farther and farther away

Fig. 16. Calculation of trap anneal with respect to time. Different concen-
trations were used to better understand the annealing rate. N means the
total number of interface traps, and s H means the total number of hydrogen
molecules, integrated over the entire oxide.

from their original locations. Since the hydrogen concentration
of profile #2 was largest at the beginning, the initial annealing
rate was very high. As it spreads out, it is transformed into a
flatter shape, much like profile #1, thus reverting back to the
logarithmic rate. As for profile #3, it took some time for the hy-
drogen to reach the interface (since it was farther away), but by
that time the profile again becomes similar to profile #1, and
thus the same logarithmic rate is again observed.

During stress, it is possible that some hydrogen diffuses so
far away from the interface that it will never travel back. In
that case, there will be more interface traps than there are hy-
drogen molecules during the anneal process. In addition, it is
possible that there was a large concentration of H already in
the EB spacer oxide, and in this case there will be more hy-
drogen than interface traps. Calculation results of these two sce-
narios are shown in Fig. 16. Profile #1 was used for these calcu-
lations, all using 10 m /s for the diffusion constant. When
there is more hydrogen than interface traps (
and , which is H atoms), the annealing
process is dramatically faster than when the hydrogen concen-
tration balances that of the interface traps (i.e.,
and , which is H atoms). When there
are more interface traps than available hydrogen (i.e.,

and ), the annealing process dramatically
decreases. This shows that the total concentration of H ulti-
mately determines the annealing rate. Since the balanced con-
dition (shown in Fig. 16) overlays with measurements, this in-
dicates that nearly all of the H created during trap generation
will participate in the annealing process.

V. DISCUSSION

Significant effort has been focused on developing a better un-
derstanding of interface-trap formation, using radiation damage
response as a powerful tool. One of the most widely accepted
models of this trap formation mechanism is McLean’s two-stage
model [18], as also investigated extensively in poly-crystalline
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Si devices by Saks and Brown [19]. Incident radiation produces
electron/hole pairs, which in turn produce protons (H+), and
then the protons propagate to the SiO /Si interface to produce
interface traps. Recent work has examined: the effects of gate
oxide electric field on trap generation rate [19], [20]; the effects
of temperature on trap generation and the motion of protons
near the device interface [5]; and a comparison of X-ray irradia-
tion and hot-carrier induced stress, concluding that radiation-in-
duced and hot-carrier-induced damage produce differing junc-
tion ideality factors [21]. Reference [22] reported experiments
of hot-carrier stress and X-ray irradiation on multiple wafer lots,
and found no correlation between the two types of damage.

In the work reported by Kosier et al. in [21], during irra-
diation, positive trapped charge is created in the oxide ,
changing the surface potential near the emitter-base depletion
region, and leading to a change in the excess base current, usu-
ally exhibiting an ideality factor much less than 2. When the
trap charges were removed, ideality factor returns to 1.8, close
to the ideal case of 2. Since the SiGe HBTs used in the present
work have a very highly doped base, the effects of are dra-
matically reduced compared to those found in [21]. In other
words trapped charges may exist but its effect on ideality factor
is unobservable. This was confirmed from the extracted ideality
factor data ( 1.8), indicating that X-ray irradiation damage re-
sults mainly from EB interface traps.

We believe that the damage processes induced by X-ray ir-
radiation and electrical stress in these devices are similar, for
two reasons. First, the excess base current is due to SRH re-
combination, because the ideality factor is close to 2, for both
damage types. Second, the rate of annealing and the tempera-
ture threshold to initiate annealing are approximately the same
for various types of electrical stresses and X-ray irradiation.

A model based on first-principles molecular dynamics simu-
lations was recently proposed in [5]. When trap generation dom-
inates, as is the case when radiation-induced protons travel to
the interface, Si-H bonds are depassivated, producing a silicon
dangling bond and an H molecule. At 150 C, trap recovery
dominates, in which H passivates the dangling bonds to reform
the Si-H bonds. Even though most of the annealing done in the
present work likely occurs at 150 C, current sweeps shown in
Figs. 1 and 3 indicate that the annealing process actually begins
at a lower temperature, approximately 130 C. The similarity of
the anneal temperature, together with the fact that the both are
dealing with a trap at midgap, leads us to believe that the model
described in [5] is applicable to our case.

Whereas Rashkeev et al. [5] used Monte Carlo techniques
and a master equation to study the kinetics of the trap reac-
tion with respect to temperature and the role of the various hy-
drogen species, in the present work we used a heat equation to
better understand the time dependence of trap reaction, mainly
through modeling the hydrogen-molecule transport inside the
oxide. Based on work in [5] that the kinetics of the trap for-
mation can be described using the reaction-diffusion model,
we have proceeded to implement such a model in Matlab. The
power law of 0.35 can indeed be simulated, as long as trap
generation is dominated by the diffusion of hydrogen. The log-
arithmic annealing characteristics can also be predicted. The an-
nealing process can deviate from this if the hydrogen profile is

non-uniform, or the trap density is unbalanced with the available
hydrogen molecule, or the diffusion constant is changed. For
Figs. 6 through 8, indeed some variation from the logarithmic
dependence can be observed, especially at lower annealing tem-
peratures. Using the same annealing temperature (either using
thermal or mixed-mode anneal), the annealing characteristics
can be different, which may be explained through the possible
non-uniformity of the hydrogen profile.

Our calculations may also be able to explain why annealing
following irradiation, which was performed long after the radi-
ation experiment, still has the same annealing characteristics as
those of hot carrier stress. During the trap generation process,
H diffuses very slowly into the oxide, and it is possible that it
remains very close to the interface, even after a long period of
time. As thermal or mixed-mode annealing begins, the hydrogen
profile should quickly diffuse outward, transforming from a near
delta function to a flat distribution. Thus, by the time of the
mixed-mode annealing experiment, even if the hydrogen profile
during radiation is different than that of electrical stress (due to
the long periods of time between damage and anneal for radia-
tion), within a very short time the anneal process should flatten
both enough to become similar to that of profile #1, again ex-
hibiting the logarithmic time dependence.

With respect to device reliability, our calculations imply that
trap generation should be slower at lower ambient temperature,
and faster at higher ambient temperature, because the diffusion
constant of H depends on the ambient temperature. This is sup-
ported by the measurement results of [23], in which SiGe HBT
A and B were irradiated at both room and cryogenic tempera-
tures. For SiGe HBT A, the results are very clear; both forward
and inverse mode excess base currents were much larger when
irradiated at room temperature than when irradiated at 77 K.
As for SiGe HBT B, the excess base current when irradiated
at 300 K was slightly higher than when irradiated at 77 K. The
differences between the two technologies may be understood by
noting that the SiGe HBT A device used in [23] had an emitter
perimeter larger than that of the SiGe HBT B devices, and due
to the progressive scaling introduced to SiGe HBT B, the EB
spacer oxide in SiGe HBT A is about fives times larger than
that of SiGe HBT B (calculated from the layout of the devices).
If the oxide is many times larger, then many more traps would
be created at 300 than at 77 K. Thus, the effects of ambient tem-
perature during irradiation should be much more noticeable for
SiGe HBT A, which may account for the differences observed
in the two technologies.

VI. CONCLUSION

We have investigated the damage mechanisms underlying
X-ray irradiation and hot-carrier electrical stress in high-per-
formance SiGe HBTs. Excess base current was observed when
devices were exposed to large doses of radiation, and similar
excess base current was also observed for various types of
electrical stress, including reverse-EB and mixed-mode stress.
Various means to damage the device produced almost the
same excess base current; namely, they all exhibited ideality
factors near 1.8. Mixed-mode annealing, in which the junction
temperature was elevated to above 150 C due to self-heating,
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was observed to remove both electrical stress and X-ray irra-
diation damage. The temperature that trap annealing initiates,
and the annealing rate for the various types of damage, were
identical, suggesting that the two damage mechanisms, elec-
trical stress and radiation, produced the same effects; namely,
in both damage mechanisms, a trap near midgap and a H
molecule were generated at the interface. Using a hydrogen
reaction-diffusion model, the time-dependent characteristics of
trap generation and recovery were reproduced through calcula-
tion, and it was found that the transport and distribution of H
play an important role.
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